Salivary glands develop as highly branched structures designed to produce and secrete saliva. Advances in mouse genetics, stem cell biology and regenerative medicine are having a tremendous impact on our understanding of salivary gland organogenesis. Understanding how SMG initiation, branching morphogenesis and cell differentiation occur, as well as defining the progenitor/stem cells and cell and tissue interactions that drive SMG development will help guide regenerative approaches for patients suffering from loss of salivary gland function. This review focuses on recent literature from the past 5 years investigating the regulatory mechanisms driving submandibular gland (SMG) organogenesis.
Introduction

Function and Anatomy
The three pairs of major salivary glands, the submandibular (SMG), sublingual (SLG) and parotid glands (PG), produce ~90% of saliva secreted into the oral cavity; the other 10% is produced by minor glands distributed throughout the oral mucosa. The major functions of saliva include lubrication of the oral cavity to enable speaking and eating, digestion of food, antimicrobial activity, maintenance of mucosal integrity, and oral homeostasis. A reduction in salivary flow can cause clinical problems that include increased caries, xerostomia, oral infections, and difficulties with mastication, swallowing, and speech (Delli et al., 2014) . The reader is directed to recent reviews on the physiological mechanisms of salivary secretion (Ambudkar, 2014; Catalan et al., 2009 ) as well as the anatomy and function of the salivary glands (Holmberg and Hoffman, 2014; Tucker, 2007) . Briefly, secretory acinar cells produce the isotonic primary salivary secretion. The acini are surrounded by myoepithelial cells, which are within a basement membrane. The myoepithelial cells may facilitate saliva secretion by contracting, although this has not been demonstrated experimentally. The primary salivary secretion is modified by ductal cells, which reabsorb ions resulting in hypotonic saliva, supersaturated with calcium and phosphate. The types of ducts, characterized by their morphology and histological appearance, are the intercalated, striated, granular and excretory ducts. The epithelial compartment of the SMG is surrounded by mesenchymal stroma, which also contains immune cells, blood vessels, lymphatic vessels, fibroblasts, and nerves. Innervation is also essential for organogenesis, secretory function, and maintenance of acini, as denervation results in glandular atrophy. Both the sympathetic and parasympathetic branches of the autonomic nervous system innervate SMGs. The reader is referred to recent reviews of innervation of the developing salivary gland for details (Ferreira and Hoffman, 2013; Proctor and Carpenter, 2014) .
Regulation of Branching Morphogenesis
SMG initiation
SMG initiation and organogenesis involve complex interactions among multiple stem and/or progenitor cells. By definition, a stem cell is capable of both self-renewal and differentiation into all mature gland cell types. As stem cells differentiate into more committed progenitor cells they lose their ability to self-renew and become restricted to one lineage. However, no single salivary stem cell has been identified and there is currently no clear distinction between salivary stem and progenitor cells. Therefore, we will use the term stem/progenitor in this review. The reader is also directed to recent comprehensive reviews on SMG organogenesis and branching morphogenesis (Knosp et al., 2012; Kwon and Larsen, 2015; Miletich, 2010; .
A major research focus has been to identify epithelial stem/progenitor cells involved in murine SMG initiation. These stem/progenitors function within a niche or local microenvironment, which includes extracellular matrix (ECM) and mesenchymal, neuronal, and endothelial cells. During fetal development these other cell types may include stem/ progenitor cells; therefore, different types of stem/progenitors may influence each other via multidirectional signaling networks involving both secreted factors and physical interactions. At embryonic day 11 (E11) in the mouse, the migrating neural crest cells form a loose mesenchymal aggregate beside a local thickening of the oral epithelium, which forms the SMG epithelial placode. In terms of the developmental origin of the salivary gland epithelium, lineage tracing with an endodermal-specific Sox17-cre suggests that all major salivary glands of the mouse are not endodermal, but likely ectodermal in origin (Rothova et al., 2012) . At E12 the endothelial cells form a plexus within the surrounding mesenchyme, which begins to condense. The signals that cause mesenchymal condensation have not been identified. The neural crest also contains neuronal cell bodies that coalesce to form the parasympathetic submandibular ganglion (PSG). Gland initiation involves enlargement of the salivary epithelial placode, and a simultaneous invagination of the oral epithelium into the adjacent mesenchyme. This results in the placode forming a primary endbud on a stalk of oral epithelium. Importantly, the mesenchyme produces fibroblast growth factor 10 (Fgf10) which induces epithelial proliferation via its epithelial receptor FGFR2b (Kwon and Larsen, 2015) . In the absence of Fgf10 the SMG epithelium does not develop (Figure 1) . The formation of the PSG and subsequent innervation occur in parallel with epithelial development. Recently, the developmental origin of the PSG was identified as peripheral Schwann cell precursors that migrate along the preganglionic nerves and form both the glial cells and the PSG neurons of the glands (Dyachuk et al., 2014; Espinosa-Medina et al., 2014) . These neurons then coalesce around the primary epithelial duct to form the PSG, establishing communication with the developing epithelium as it begins branching morphogenesis.
Recently four Wnt ligands were identified. They are mainly produced by the keratin (K)-5 expressing (K5+) progenitors in the primary salivary gland duct. These Wnts provide the signal to initiate gangliogenesis, in part by inducing neuronal proliferation and cell survival. This finding came unexpectedly from studying a mouse model of increased FGF signaling, in which two Sprouty (Spry) genes were deleted. Sproutys are key intracellular modulators of FGF signaling and act as negative-feedback antagonists (Tang et al., 2011) . The genetic deletion of Spry1 and Spry2 (Spry1/2DKO) from the SMG epithelium resulted in a striking loss of the PSG and SMG innervation (Figure 2 ), resulting in reduced branching morphogenesis (Knosp et al., 2015) . During PSG formation it was shown that increasing FGF signaling reduced the expression of the Wnt signals in the epithelium. The K5+ progenitor cells mainly produced these Wnt signals that promoted neuronal survival and proliferation, PSG formation and gland innervation. Inhibiting Wnt signaling or treatment with exogenous Fgfs disrupted PSG formation, the association of the PSG with the epithelium, and organ innervation. Wnt expression in the epithelium was inhibited by FGFR2b/MAPK signaling and promoted via neuregulin ErbB2/3/PI3K-dependent signaling. This provided a new mechanism by which the K5+ progenitor cells regulated their own innervation by integrating both FGFR2b and ErbB signaling to produce Wnts. Moreover, it is the balance of FGFR/ErbB signaling that regulates Wnts, which act on neuronal cells to promote survival and proliferation (Knosp et al., 2015) .
Cleft formation
After the formation of a primary duct, initial endbud, and PSG, the endbud begins the process of branching morphogenesis. This involves the processes of clefting, epithelial proliferation, migration, and differentiation, as well as innervation and vascular development. Endbud expansion and clefting with branch-point formation and duct elongation result in 3-5 endbuds forming by E13. Cleft formation requires several interrelated cellular processes, such as proliferation, migration, cell-cell adhesion, cell-ECM adhesion, ECM accumulation, and cellular contraction. The basement membrane separates the epithelium from the surrounding mesenchyme and is a specialized ECM containing laminins, collagen IV, proteoglycans, nidogen, and agrin (Hohenester and Yurchenco, 2013) , as well as fibronectin. Accumulation of fibronectin during cleft initiation induces Btdb7, a factor made in the epithelium. Btdb7 induces the expression of Snail2 and suppresses Ecadherin levels (Onodera et al., 2010) , which reduces columnar organization and cell-cell adhesion molecules in the cells of the outer epithelial layer, allowing cleft progression.
Contraction of the cytoskeleton also promotes progression of clefts. Rho-associated coiledcoil containing kinase (ROCK) regulates cytoskeletal contraction at discrete stages and inhibition of ROCK leads to ectopic clefting in ex vivo SMG culture. ROCK controls tissue organization and cell polarity via PAR-1b protein. ROCK regulates the transition of initiated clefts to a stabilized state, which is then able to undergo cleft progression, a proliferationindependent process (Daley et al., 2012) . Cleft stabilization and progression occur through the stabilization of actin (Ray et al., 2014) , where LIM-kinase (LIMK), a regulator of early and late stage cleft formation and initiation, regulates both microfilaments and microtubules. LIMK-dependent regulation of the cytoskeleton controls fibronectin assembly and activation of β1 integrins. Furthermore, the microtubule assembly factor p25 regulates the stabilization and elongation of late-stage progressing clefts. In sum, multiple actin-and microtubuledependent stabilization steps are controlled by LIMK and are required for cleft progression.
Migration and ECM proteolysis
Cleft formation is coordinated with cell migration in the endbud. Using a single cell tracking technique, epithelial cell migration was shown to be highest in outer bud cells near the basement membrane, lower in the inner bud cells, and lowest in duct cells (Hsu et al., 2013) . Inhibitors of integrin α6β1 and nonmuscle myosin II reduced the peripheral cell motility whereas inhibiting E-cadherin reduced inner bud motility. These findings suggest cell motility in different regions of the endbuds is dependent on different cellular mechanisms.
In addition, highly dynamic remodeling of ECM drives epithelial proliferation during branching morphogenesis. Membrane-type 2 matrix metalloproteinase (MT2-MMP)-dependent collagen IV proteolysis releases small collagen fragments called NC1 domains (Rebustini et al., 2009 ). These collagen fragments increase MT-2-MMP expression and genes related to proliferation, by binding to b1 integrins and signaling via PI3K and AKT. The epithelium also produces heparin-binding epidermal growth factor (HBEGF), which increases MT2-MMP expression and further release of NC1 domains. Therefore, feedback from multiple protease-dependent pathways increases branching morphogenesis.
Remodeling of the basement membrane also controls local epithelial expansion. The basement membrane at the tip of the E13 endbud becomes perforated with small holes as rapid epithelial expansion occurs (Harunaga et al., 2014) . This structure appears as a meshlike net and allows epithelial expansion while maintaining tissue integrity. The basement membrane is remodeled in a distal direction, appearing to accumulate around the secondary ducts. These local and global dynamics require both protease and myosin II activity, suggesting epithelial expansion requires proteolytic degradation and remodeling via actomyosin contractility during branching morphogenesis. Taken together, cleft initiation, stabilization, and progression are coordinated with cell migration and ECM remodeling during SMG branching morphogenesis.
Cell Differentiation
Branching morphogenesis is coordinated with the cytodifferentiation of the ductal and acinar compartments of the gland. Recently, it was reported that the transcription factor NFIB (nuclear factor IB) was involved in secretory cell differentiation during SMG development (Mellas et al., 2015) . NFIB has clinical importance because a gene fusion of NFIB with MYB (MYB-NFIB) occurs in adenoid cystic carcinoma (ACC) of salivary glands (Stenman, 2013) . ACC is the second most common salivary malignancy and more than 80 % of patients with head and neck ACC die 10-15 years after diagnosis. SMG from Nfib −/− mice were hypoplastic at E18, although some branching morphogenesis did occur. The SMGs of Nfib −/− mice showed reduced apicobasal polarity, as measured by disrupted apical ZO-1 staining, had reduced ductal and acinar lumen formation, and appeared disorganized. The terminal tubules did not differentiate into secretory cells, as evidenced by a lack of staining for SMG-C, a proacinar cell secretory marker, and aquaporin 5, a water channel that is present in the apical membranes of acinar and intercalated duct cells. Thus NFIB is required for acinar cell differentiation and is important for lumen formation during mouse SMG development.
During branching morphogenesis, lumen formation occurs at the distal ends of epithelial branches and proximal microlumens coalesce in a distal direction to form a contiguous lumen. The interaction between FGF signaling and the canonical (beta-catenin dependent) and non-canonical Wnt signaling coordinates this processes. Using Axin2 LacZ reporter mice to show where Wnt signaling occurs, it was demonstrated that Wnt signaling appeared first in the mesenchyme at E12 and then at E14, switched to the ductal epithelium. Gain-and loss-of-function experiments showed that Wnts exert an inhibitory effect on salivary gland branching morphogenesis. Furthermore, endbuds do not have active Wnt signaling due to FGF-mediated inhibition. Thus, FGF signaling prevents lumenization of epithelial endbuds and slows down the lumenization of presumptive ducts. The mechanism involves reducing Cp2l1, a marker of duct differentiation, by repressing non-canonical Wnt5b expression and signaling via regulating sFRP1, a secreted Wnt inhibitor. Thus FGF signaling maintains undifferentiated endbud cells by inhibiting ductal fate and lumenization (Patel et al., 2011) .
Similarly, core binding factor beta (CBFb), a cotranscription factor that forms a heterodimer with Runx transcription factors, was shown to influence postnatal duct differentiation. CBFb is expressed in SMG ducts and conditional deletion of CBFb with a K14-cre decreases the size of the SMG and reduces saliva secretion in adult male mice (Islam et al., 2015) . There was a loss of a specific ductal compartment, the granular convoluted tubules (GCT), with reduced expression of genes that are expressed in GCT, such as Klk1, Ngf, and Egf. GCT development is androgen-dependent, but circulating testosterone levels were not affected by CBFb deletion, suggesting that CBFb signaling regulates androgen receptor signaling pathway, not circulating testosterone levels. Therefore, Runx/CBFb-dependent transcription is required for the postnatal development of androgen-dependent GCT in the SMG. Together, these studies illustrate the critical roles transcription factors play in cell differentiation during gland development.
SMG Innervation
Parasympathetic-epithelial communication
Both the parasympathetic and sympathetic branches of the autonomic nervous system richly innervate the adult salivary gland and are critical for saliva secretion. The PSG releases acetylcholine (ACh), which activates the muscarinic receptors 1 and 3 (Chrm1 and Chrm3) to stimulate fluid secretion. A recent review of the interactions between developing nerves and salivary glands provides a comprehensive background (Ferreira and Hoffman, 2013) . Parasympathetic innervation occurs along the epithelium during SMG branching morphogenesis and sympathetic innervation occurs along the vasculature. Parasympathetic innervation is required for maintaining epithelial K5+ cells as a pool of undifferentiated progenitor cells for further development (Knox et al., 2010) . Keratins are cytoskeletal proteins used as epithelial markers; K5 is used to label progenitor cells and K19 to label ductal cells. Removal of the PSG from the SMG in culture resulted in a striking decrease in the number of K5+ cells. This was dependent on ACh production by the PSG and muscarinic receptor M1 signaling in the K5+ cells. Furthermore, K5+ cell maintenance and differentiation into K19+ ductal cells were dependent on HBEGF/EGFR signaling (Knox et al., 2010) . These data highlight the importance of the bi-directional communication between the PSG and the developing epithelium.
A recent advance in understanding parasympathetic-epithelial communication during organogenesis concerns the epithelial production of the neurotrophic factor neurturin (NRTN). NRTN increases PSG function and promotes neuronal survival and directional axon outgrowth. During SMG organogenesis, the PSG axons that extend along the ducts to envelop the endbuds respond to localized neurotropic cues. NRTN promotes innervation by binding to its receptor GFRα2 and the tyrosine kinase coreceptor RET, and signals via Src kinase. Gene targeting of RET, GFRα2, or NRTN in mice results in smaller PSG and reduced innervation of multiple organs. Using isolated PSG from SMGs, it was shown that NRTN reduced neuronal apoptosis and increased axon outgrowth and the expression of genes involved in parasympathetic function (Knox et al., 2013) . Furthermore, antibodies blocking NRTN reduced parasympathetic nerve outgrowth and function, which reduced branching morphogenesis in intact SMG culture. The functions of NRTN on SMGs were also investigated after irradiation of the gland. In this case NRTN reduced neuronal apoptosis and restored parasympathetic function, which helped the epithelium to regenerate. The hypothesis that NRTN may improve regeneration after irradiation in adult glands is currently under investigation.
Another report highlighting parasympathetic-epithelial crosstalk showed that parasympathetic innervation regulates ductal tubulogenesis of the epithelium (Nedvetsky et al., 2014) . Vasoactive intestinal peptide (VIP) is produced by the nerves and promotes ductal growth and the formation of a contiguous ductal lumen. Isolated SMG epithelia treated with VIP in ex vivo culture formed lumens, which expanded via cAMP/PKA-dependent pathway.
The lumen expansion was independent of apoptosis and involved the cystic fibrosis transmembrane conductance channel (CFTR), which is a cAMP-regulated chloride channel. Interestingly, ductal tubulogenesis did not require ACh/M1 signaling. In addition, analysis of the SMGs in neuregulin 1 (Nrg1) null mice, which have depleted innervation of multiple tissues, showed that they had aberrant ductal morphogenesis and reduced branching morphogenesis. A similar problem with ductal morphogenesis was also observed in the CFTR null SMGs. An emerging theme is the importance of multiple neuronal-derived factors on the branching epithelium. ACh, VIP and Nrg1 regulate K5+ progenitor cell function and ductal tubulogenesis during SMG development. It is likely that other neuropeptides and regulatory factors produced by the nerves will influence organogenesis.
Sympathetic Innervation
The sympathetic nerves also stimulate secretion via the α and β adrenoreceptors, which increase fluid and protein-rich secretions, respectively ). An autocrine Wnt5a-Ror signaling loop was shown to mediate sympathetic axon branching during SMG innervation (Ryu et al., 2013) . Using a conditional knockout approach, the non-canonical Wnt5a was deleted with either Wnt1:cre or tyrosine hydroxylase:cre, the latter of which is specific for sympathetic nerves. Wnt5a, which is produced by the nerves, was involved in the autocrine signaling loop and target innervation. Deletion of Wnt5a reduced the extension and arborization of sympathetic fibers in the gland, but did not affect overall tissue patterning or the proliferation, migration, or differentiation of neuronal progenitors. Less is known about the function of the sympathetic nerves than the parasympathetic nerves during organogenesis. Further studies using genetic ablation or knockdown of genes required for sympathetic innervation may provide insight into the function of these nerves during development.
Stem/progenitor cells
Investigating stem/progenitor cells during development
Identifying stem/progenitor cells present during fetal development and understanding how they function will impact approaches to regenerating adult glands. Epithelial progenitor cells have been isolated from adult murine SMGs using fluorescent-activated cell sorting (FACS) of the cell surface marker Kit and combinations of CD24, CD49f, CD133, and Sca1. These cells have been used to partly regenerate function in irradiated adult murine salivary glands (Lombaert et al., 2008; Nanduri et al., 2011) . However, Kit labels a heterogeneous population of cells, and understanding how Kit functions during development and its role in cell-fate decisions and regeneration are important research questions. Kit+ cells are in epithelial endbuds during fetal development and are important for organogenesis. Epithelial Kit expression is upregulated by FGFR2b signaling, which is also essential for gland development . The combined effects of Kit and FGFR2b signaling via separate AKT and MAPK pathways, respectively, amplified expression of transcription factors downstream of FGFR2b signaling, including Sox10, Myc, Etv4 and Etv5. Importantly, the combined signaling increased the number of Kit+ cells in the distal endbuds that also expressed K14 and Sox10. The distinct cell types within the Kit+ population were characterized by their keratin expression. Whereas K5 usually pairs with K14 in other tissues, in SMG endbuds there are distinct populations of Kit+K14+ and Kit+K5+ cells ( Figure 3A) . K8 was used as a pan-epithelial marker and K19 as a ductal marker. Genetic lineage tracing with a K14-cre confirmed that the K14 cells were multipotent and gave rise to progeny that included K5+ ductal cells, acinar cells and myoepithelial cells ( Figure 3B ). FACS analysis confirmed the Kit+ cells were heterogeneous, and that there were distinct K14+ and K5+ populations, but a surprisingly large (56%) subset of the Kit+K8+ cells did not express K14, K5 or K19, and these cells localized between the basal layer and duct of the endbud ( Figure 3C) . Furthermore, SMG with a signaling-defective form of Kit had reduced branching, demonstrating that the expansion of the distal Kit+K14+ progenitors was essential for branching morphogenesis . Surprisingly, the reduction in Kit also caused a loss of K5+ cells in the duct, due to a loss of innervation. Reduced innervation was due to reduced NRTN, which is produced by the Kit+ endbuds. Thus, the distal epithelial progenitor cells secrete neurotrophic factors to stimulate neuronal innervation that maintains proximal epithelial progenitor cells.
Other markers that have been used to label progenitor cells in the developing SMG include Sox2, which is a putative stem cell marker in the sublingual gland. Lineage tracing during gland ontogenesis showed Sox2 progeny in the sublingual ducts and acinar cells of adult glands (Arnold et al., 2011) . Sox2 is also expressed in some K5+ cells in the SMG duct early in development (Lombaert et al., 2011) , although further studies are required to investigate their role as stem/progenitors in the adult gland. Another progenitor population in the SMG is marked by Ascl3, a transcription factor in the ducts of SMGs. Ascl3+ cells are proliferating progenitors and lineage tracing showed they generate both ductal and acinar cells in the adult. However, genetic ablation showed that gland development occurred normally in the absence of Ascl3 progenitors, which were shown to be a separate population from the K5+ progenitor pool (Arany et al., 2011) . We speculate that in the absence of one progenitor population, compensation by another can occur during development.
Postnatal homeostasis and label retaining cells
A recent report has challenged the current dogma that salivary gland homeostasis in the adult SMG is stem cell-dependent (Aure et al., 2015) . In fact, few studies had addressed the extent to which a particular stem/progenitor cell type contributes to adult gland homeostasis. Using an inducible Mist1-Cre, which is acinar cell-specific, they genetically labeled differentiated adult acinar cells and monitored their progeny over a chase period of up to 3 months. Surprisingly, the results showed that acinar cell replacement occurs by acinar cell division, not by the differentiation of an unlabeled cell population from the ducts. Using a Mist1 CreER with Rosa26 Brainbow2.1 reporter mice to label individual cells and their progeny, Aure et al.,2015 beautifully showed proliferation and clonal expansion of differentiated acinar cells in all three pairs of major salivary glands (Figure 4) . Therefore, salivary gland acinar homeostasis is based on self-duplication of differentiated acinar cells. Interestingly, Mist1-cre labeling with a 6 month chase revealed that there was a significant number of single labeled cells in the sublingual gland, and a subpopulation of these cells expresses Sox2. Since these Sox2+ cells appeared quiescent, it was concluded they are not likely involved in gland homeostasis but may play a role during regeneration following injury. An emerging concept is that the stem/progenitor cells involved in homeostasis may be different from those responding to damage of the gland. This is supported by studies on liver regeneration that show that hepatocytes are both maintained and regenerated independently from facultative stem cells (Schaub et al., 2014; Yanger et al., 2014) .
In the search for a quiescent stem cell population in the adult gland, a recent study used a doxycycline-inducible histone 2B-green fluorescent protein (H2BGFP) to label K14 ductal cells (Kwak and Ghazizadeh, 2015) . The K14 cells were labeled with H2BGFP during in utero gland development and then for 2 weeks after birth, followed by a chase period of up to 12 weeks. A quiescent adult K14 stem cell population was not detected during homeostasis, as the labeled cells had proliferated and lost their labels. A similar experiment labeled all cells in the SMG using a doxycycline-inducible ubiquitous driver, Rosa26. After a 12-week chase, again no evidence was found for a quiescent H2BGFP+ LRC population in an undifferentiated compartment. Staining for K14 (which stains the basal cells in excretory ducts), K19 (which stains granular ducts, striated ducts, and the luminal cells in excretory ducts), and Kit (which stains intercalated ducts), mapped the location of H2BGFP-LCRs to differentiated excretory, striated and intercalated ducts. Since striated ducts have very low cellular turnover, the data suggested that there were actively dividing pools of stem/ progenitor cells in the intercalated ducts and the basal layer of excretory ducts, and that these stem/progenitor populations function independently during homeostasis. The data are also consistent with the report mentioned above, which showed that acinar cells do not arise from a quiescent stem cell pool or from ductal cells during homeostasis (Aure et al., 2015) .
Another study investigating the identity of LRCs in adult glands used 5-Ethynyl-2'-deoxyuridine (EdU) to label proliferating cells in postnatal day 10 mice and an 8 week chase (Chibly et al., 2014) . EdU+ LRCs colocalized with cells expressing the progenitor markers K5, K14, or Kit, further indicating that LRCs are a heterogeneous population of progenitors. The proliferative potential of the LRCs was shown with sphere assays, in which LRCs were stained with the proliferation marker Ki67. These data are consistent with the previous studies showing that the ductal compartment of the gland is proliferative during homeostasis. In addition, LRCs in irradiated mice did not undergo apoptosis following irradiation. This is consistent with the survival of ductal cells in patients whose salivary glands have been irradiated; however, it is the loss of acinar cells after irradiation and their inability to regenerate that presents a challenge.
Overall, these studies highlight that specific progenitor populations may be involved in homeostasis and regeneration depending on the type of damage that has occurred. It will be important in the future to identify the progenitors that are affected by, and that respond to, different types of gland damage, such as irradiation, ductal ligation, partial or full gland extirpation, and genetic ablation of specific cell populations or genetic activation of a signaling pathway
Regulation of epithelial progenitors: Heparan sulfate and micro RNAs
Fgf10 and its receptor FGFR2b are required for both human and mouse SMG development (reviewed by . Since FGFR2b signaling is essential for progenitor survival and proliferation during organogenesis, understanding how receptor function is regulated may provide targets for progenitor expansion or gland regeneration. Importantly, FGFR2b signaling requires a heparan sulfate (HS)-containing coreceptor, which is present on the cell surface or in the ECM. HS increases the affinity of Fgf10 for FGFR2b, stabilizing the ternary signaling complex. HS is the most diverse polysaccharide, due to the abundance of sulfate modifications on its sugar chains. The sulfate modifications create specific sulfated epitopes that regulate biological outcomes such as proliferation, duct elongation, and endbud expansion (Patel et al., 2008) . One important mechanism that regulates epithelial morphogenesis is the variation in binding affinities that different FGFs have for HS, which affects their diffusion through the ECM, creating morphogenic gradients (Makarenkova et al., 2009) . Additionally, specific types of sulfate modifications create specific epitopes that influence signaling in progenitor cells. Surprisingly, analysis of the enzymes that add sulfates to HS in Kit+ progenitor cells showed an enrichment of the HS 3-O-sulfotransferase (Hs3st) family. There are seven Hs3st isoforms in mice and humans; however, they produce the least abundant sulfate modification on HS. The expression of Hs3st3 enzyme isoforms, which make 3-O-sulfated epitopes, were rapidly upregulated in response to Fgf10/FGFR2b signaling. This resulted in an autocrine increase in FGFR2b-dependent MAPK signaling and expression of Hs3st3 genes, Kit, and transcription factor genes that are downstream of FGFR2b signaling. The rapid response to 3-O-sulfated HS (3st3-HS) increased the number of KIT+ and K14+ progenitors, proliferation and endbud morphogenesis ( Figure 5) . Thus, rapidly modifying 3-O-sulfation provides a cellular mechanism to modulate the biologic response to FGFR2b signaling and control progenitor expansion . This mechanism also improved the maintenance and expansion of epithelial KIT+FGFR2b+ progenitors in salisphere culture, and biosynthetic 3-O-sulfated-HS may specifically expand these cells for regenerative therapies. These studies suggest that HS may be a useful tool to stimulate FGFR signaling on progenitor cells to control cellular functions.
MicroRNAs (miRNAs) have emerged as important regulators of stem/progenitor gene expression. miRNAs are small, single-stranded, non-coding RNAs that target the 3'UTR of multiple mRNAs and regulate gene expression post-transcriptionally. miRNAs regulate the activity of canonical signaling cascades such as the Wnt pathway and are implicated in branching morphogenesis. miR-21, a mesenchymal miRNA that downregulates target genes Reck and Pdcd4, enhances branching morphogenesis through the degradation of ECM by activated MMPs (Hayashi et al., 2011) . In contrast, the miR-200c family is highly expressed in SMG epithelial endbuds during development and influences epithelial proliferation. mir-200c targets Zeb1, Hs3st1 and Vldlr, thus regulating E-cadherin, HS and very-low density lipoprotein receptor function, respectively. By targeting Vldlr expression and its ligand reelin, miR-200c reduces expression of FGFR-dependent genes and epithelial proliferation (Rebustini et al., 2012) . The appeal of using miRNAs to regulate progenitor cell gene expression and function for regenerative purposes is that a single miRNA may influence multiple genes and thus have a broad effect on a specific biological process rather than on a single gene/signaling pathway.
Conclusion
SMG organogenesis involves interactions among multiple cell types, which add to the complexity of regulatory mechanisms that drive development. While understanding epithelial-neuronal communication has been very informative in understanding organogenesis, there is still much to learn about endothelial-epithelial interactions and endothelial-neuronal interactions. Recent studies suggest that specific stem/progenitor populations may respond to different types of damage to regenerate the gland and that these may be different from the cells that maintain homeostasis. Understanding how these different stem/progenitor cells respond to changes in their local microenvironments will be important for directing regeneration after damage. Little is known about the mechanisms of quiescence, maintenance and expansion of specific stem/progenitor cells in response to specific damage. These are emerging and exciting areas of salivary gland research that remain to be explored. 
